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Nodal Superconducting Gap in β-FeS
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Low temperature specific heat has been measured in superconductor β-FeS with Tc = 4.55 K. It
is found that the low temperature electronic specific heat Ce/T can be fitted to a linear relation in
the low temperature region, but fails to be described by an exponential relation as expected by an
s-wave gap. We try fittings to the data with different gap structures and find that a model with one
or two nodal gaps can fit the data. Under a magnetic field, the field induced specific heat coefficient
∆γe=[Ce(H)-Ce(0)]/T shows the Volovik relation ∆γe(H) ∝
√
H , suggesting the presence of nodal
gap(s) in this material.
Subject Areas: Condensed Matter Physics, Superconductivity
I. INTRODUCTION
The discovery of superconductivity in iron pnictides
has opened a new era for the study on unconventional
superconductors[1]. Until now, superconductivity has
been found in several relatives of the FeAs-based su-
perconductors, including the FeSe-based families and the
iron phosphides[2–4]. In either FeAs-based or FeSe-based
compounds, the superconducting transition temperature
can be raised to much higher than 40 K[5, 6], the so-called
McMillan limit[7]. This allows us to categorize the iron
based superconductors as an unconventional supercon-
ductor with the pairing mechanism beyond the electron-
phonon coupling. In the research on the iron based su-
perconductors, one of the core issues is about the super-
conducting pairing mechanism. Early on, theoretical pic-
tures concerning the s± pairing gap was proposed[8, 9],
this model has got many experimental supports[10–12]
and is specially satisfied by the systems with the presence
of both electron and hole pockets. Recently, supercon-
ductivity has been reported[13] in β-FeS which has an
isostructure of the β-FeSe superconductor[14]. Earlier
band structure calculations have revealed that the elec-
tronic structures of the FeSe and FeS systems are quite
similar to each other[15]. Usually the p-orbital of the el-
ement sulfur has a narrower bandwidth comparing with
that of selenium. Therefore, it is interesting to know the
superconducting gap structure and pairing mechanism in
this newly discovered superconductor.
Superconductivity is induced by the condensation of
Cooper pairs formed by electron-boson interactions (or
strong local magnetic superexchange), such as electron-
phonon coupling in the Bardeen-Copper-Schrieffer (BCS)
theory. The superconducting gap ∆(k) that protects the
superconducting condensate from exciting the quasipar-
ticles is momentum dependent and is intimately related
to the underlying pairing interactions. A d-wave gap has
been observed in cuprates in revealing the unconventional
mechanism[16]. While accidental nodes are sometimes
observed in iron pnictide superconductors reflecting a ba-
sic feature of the extended s-wave[8, 9, 17]. At the gap
nodes, the magnitude of a superconducting gap is zero
and the signs are opposite at two sides of the nodal point.
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FIG. 1. (color online) Temperature dependence of resistiv-
ity at zero magnetic field. Upper left inset: Temperature
dependence of magnetic susceptibility measured in the zero-
field-cooled mode (ZFC) and the field-cooled mode (FC) at
H = 5Oe. Lower right inset: The enlarged view of resistivity
for FeS from 2K to 10K.
The nodal gaps, if enforced by symmetry, would suggest
a pairing mechanism with repulsive interactions, such as
that in the cuprates. Therefore to determine the gap
structures and know whether the gap is nodal or nodeless
is an effective method to check or even prove the mecha-
nism of superconductivity. Theoretically it is understood
that the low-energy quasi-particle (QP) excitations for
nodal gap superconductors is much stronger than that
of the convention superconductors with s-wave gaps and
the magnetic field induced generation of QP density of
states (DOS) has very different field dependence. Since
the discovery of iron-based superconductors, nodal gap(s)
were suggested or indicated in several superconducting
systems, such as LaFePO[18], BaFe2As2−xPx[19], and
KFe2As2[20–22]. Although early works about the specific
heat and thermal conductivity in FeSe suggested multi-
ple nodeless gaps[23, 24], the recent STM works on FeSe
single crystal and FeSe film supported that there are line
nodes in those samples[26, 27].
In this paper, we report the investigations on low tem-
2perature specific heat in β-FeS crystals. A linear rela-
tionship between Ce/T and T is observed in the low
temperature limit, this is deviating from the exponen-
tial relation expected for s-wave gaps and indicates nodal
superconducting gap(s). It is further found that the
fitting to the electronic specific heat by a model with
two nodal gaps is better than that by adopting either
a single s- or d-wave gaps or a mixture of s-wave and
d-wave gaps. Furthermore, magnetic field induced elec-
tronic specific heat shows consistency with the Volovik
relation ∆γe(H) ∝
√
H approximately[28], which was
predicted specially for d-wave superconductors with line
nodes. The analysis of low temperature specific heat re-
veals the presence of nodal superconducting gap(s) in
this system, which is in accordance with the recent heat
transport experiment[29].
II. EXPERIMENTAL METHOD
The FeS crystals were fabricated by a hydrothermal
method which has been presented before[30]. The resis-
tivity and low temperature specific heat were measured
with a Quantum Design instrument PPMS-16T, and the
magnetization was detected by a Quantum Design in-
strument SQUID-VSM. The specific heat measurements
were done with the thermal relaxation method by He3
accessory of PPMS-16T with an advanced single crystal
quatz platform which has a quite weak magnetic field ef-
fect. All the data in this paper were measured on samples
from the same batch FeS crystals.
III. RESULTS AND DISCUSSION
Fig. 1 shows the temperature dependence of resistivity
at zero field. As can be seen in the lower right inset, a
sharp resistive transition occurs with the onset transition
temperature of 4.55 K, and the zero resistivity appears
at about 4.15 K. The normal state resistivity shows a
monotonous decreasing with temperature from 300K to
4.55K, which indicates metallic conductivity. The resid-
ual resistivity ratio (RRR) defined as ρ(300K)/ρ(0K) is
about 60, indicating a good quality of the sample. This
result is similar to the former reported value[30]. The
upper left inset shows the temperature dependence of
magnetic susceptibility measured in the zero-field-cooled
(ZFC) and the field-cooled (FC) mode. A rough esti-
mate on the magnetic signal yields a full superconduct-
ing screening volume. At an external magnetic field of
5Oe the diamagnetic transition starts near 4.5K, which
is accordance with the resistivity measurement very well.
The raw data of specific heat at 0T and 0.75T are
shown in Fig. 2. An obvious superconducting anomaly
appears at about 4.5K, which is also consistent with the
resistive and magnetization data. The residual specific
heat coefficient γ0 at 0K and zero external magnetic field
is about 1.1mJ/molK2. Although this value is rather
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FIG. 2. (color online) Raw data of the temperature depen-
dence of specific heat for FeS crystals at 0T (open square) and
0.75T (open circles). The red solid line is the normal state
fitting curve by using the formula C/T = γn + βT
2 + ηT 4.
low, but comparing with the normal state Sommerfeld
constant γn, it is quite sizable. As the magnetic field is
increased to 0.75T, the superconducting anomaly is al-
ready suppressed to below 0.4K and the extracted γn is
about 3.8±0.2mJ/molK2. We try to fit the normal state
specific heat data with the Debye model in low temper-
ature region, however, the results hardly match the data
well if using only the term Cph/T = βT
2. We thus use
the following model that contains three terms to fit the
data from 0.4K to 15K. The fitting formula reads
C/T = γn + βT
2 + ηT 4. (1)
The fitting curve as shown by the solid line in Fig.2
is better than the simple model and yields parame-
ters γn = 3.8mJ/molK
2, β = 0.39mJ/molK4, and
η = −0.00053mJ/molK6. Using the relation between
Debye temperature ΘD and the fitting parameter β,
ΘD = (12pi
4kBNAZ/5β)
1/3, where NA = 6.02 ×1023
mol−1 is the Avogadro constant, Z = 2 is the number
of atoms in one unit cell, we can calculate the Debye
temperature of FeS, which is about 215K. The Debye
temperature derived here for FeS is close to ΘD = 210K
obtained previously for FeSe single crystals[23]. The γn
seems to be smaller than that of other iron-based su-
perconductors, for example, in FeSe single crystals γn
= 5.73±0.19 mJ/molK2[23]. According to the density
functional calculations[15], it is found that the DOS in
FeSe and FeS are quite close to each other. The smaller
γn finds here may suggest weaker electron-boson coupling
or correlation effect in FeS. We present the specific heat
under different magnetic fields in Fig. 3(a). By applying
several magnetic fields up to 0.75T, the superconducting
anomaly shifts to lower temperatures gradually and is
hardly observed above 0.4K when the magnetic field is
over 0.75T.
The superconducting electronic contribution can be
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FIG. 3. (color online) (a)Temperature dependence of spe-
cific heat at different magnetic fields ranging from 0T to
0.75T. (b) The electronic specific heat of FeS crystals. The
solid lines represent the fitting curves using the BCS for-
mula by assuming four different gap(s): (1) single s-wave gap
∆(T, θ) = ∆0(T ); (2) single anisotropic gap with d-wave fea-
ture ∆(T, θ) = ∆0(T )cos2θ; (3) mixture of two components
with one s-wave and one d-wave; (4) mixture of two d-wave
gaps. The inset shows the electronic specific heat coefficient
Ce/T vs. T below 2K. The solid line shows a fit to the data
and indicates a linear relation between Ce/T and T.
obtained by deducting the phonon contribution Cph be-
low Tc. From Fig. 3 it is clear that the normal state spe-
cific heat does not depend on the magnetic field. Since
a weak magnetic field 0.75T is enough to suppress the
superconductivity in FeS, we can obtain the electronic
specific heat through formula Ce=C(0T)-C(0.75T). The
electronic specific coefficient Ce derived in this way is
shown in Fig. 3(b). It is found that the superconducting
anomaly is not high, although the transition is rather
sharp. Considering the entropy conservation near the
superconducting transition, we determined the supercon-
ducting transition temperature Tc = 4.3K from the the
specific heat, and the jump ∆C/Tc is 2.47mJ/molK
2.
This leads to the ratio ∆C/γnTc ≈ 0.65. The value is
much lower than the predicted one by the BCS theory in
the weak coupling regime which gives ∆C/γnTc=1.43.
This is also rather lower than 1.65 obtained for FeSe
single crystals[23]. The specific heat anomaly in FeS is
much lower than that in KFe2As2 although the transi-
tion temperature are close to each other[25]. This value
of ∆C/γnTc |Tc reveals that FeS system may be a su-
perconductor with rather weak electron-boson coupling
and correlation effect. In KFe2As2 the Hund’s rule cou-
pling becomes stronger, this is assumed to be the origin
of the correlation effect[25]. One can see that a tail ap-
pears in the specific heat data above Tc, which may be
caused by the superconducting fluctuation. The inset of
Fig. 3(b) shows the enlarge view of the low temperature
specific heat data by fitting to a straight line. Interest-
ingly, the electronic specific heat coefficient Ce/T varies
linearly with temperature in the low temperature regime.
This relation is deviated from an exponential dependence
as expected for an s-wave gap and can be explained by
models containing nodal gaps. To investigate the de-
tails concerning superconducting gap(s), we use the BCS
formula to fit our electronic specific heat data in the su-
perconducting state
γe =
4N(EF )
kBT 3
∫ +∞
0
∫ 2π
0
eζ/kBT
(1 + eζ/kBT )2
(ε2 +∆2(θ, T )− T
2
d∆2(θ, T )
dT
) dθ dε, (2)
where ζ =
√
ε2 +∆2(T, θ). We try to use four different
gap structures to fit the electronic specific heat data: (1)
single s-wave gap ∆(T, θ) = ∆0(T ); (2) single anisotropic
gap with d-wave feature ∆(T, θ) = ∆0(T )cos2θ; (3) mix-
ture of two components with one s-wave and one d-wave
gap; (4) mixture of two d-wave gaps. If more than one
gap is concerned in the calculation, a linear combina-
tion of the two components is used to get the electronic
specific heat, namely γe = pγe(∆1) + (1 − p)γe(∆2)
with p the fraction contributed by the component of
∆1. The fitting parameters are listed in table 1. In
Fig. 3(b) we can see that a simple s-wave or d-wave can
not fit the data, although the fitting with a single d-
wave gap is better. A model with the mixture of two
d-wave gaps, as shown by the black solid line, gives the
best fit, albeit a slight deviation in the low tempera-
ture region. The model with a mixture of s-wave and d-
wave, but with large fraction of d-wave component could
also describe the data roughly. The detailed fitting re-
veals that there should be anisotropic gaps with nodes
in the FeS system. From previous studies in FeSe[23],
it was shown that the electronic specific heat could be
described by a model with one anisotropic s-wave com-
ponent, but with no sign of nodes in FeSe. However,
recent scanning tunneling spectroscopy (STS) measure-
ments on FeSe crystals[27] or thick film[26] show that
line nodes exist in this system. These different gap struc-
tures of FeSe need more time to be resolved. To make
the conclusion more convincing, we also derived the mag-
netic field dependence of γe. The γe(H) is obtained by
extending the low temperature specific heat to 0K at dif-
ferent magnetic fields. Fig. 4 shows the relation between
∆γe = C(H)/T − C(0)/T = γe(H) − γe(0T ) and mag-
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FIG. 4. (color online) The magnetic field dependence of the
field induced electronic specific heat ∆γe(H). The nonlinear
field dependence is very clear. The blue line is a fit to the
Volovik relation ∆γe = A
√
H .
TABLE I. Fitting parameters with different models for FeS
model ∆1(meV) p ∆2(meV) 1-p
s− wave 0.5 100% - -
d− wave 0.6 100% - -
s− wave+ d−wave 0.6(s) 23% 0.5(d) 77%
two d− wave 0.6 91% 1.0 9%
netic field at T = 0K. It is clear that ∆γe(H) is close to
the Volovik relation, namely ∆γe(H) ∝
√
H , which indi-
cates again the presence of gap nodes. Actually the ob-
servations of γe(T ) ∝ T and ∆γe(H) ∝
√
H present self-
consistent evidence for the existence of line nodes, which
gives a further enforcement on the gap structure compar-
ing with the earlier thermal transport measurement[29].
We should emphasize, however, that we could not dis-
tinguish whether the gap nodes are induced by the sign
change of the gap, like in a d-wave case, or it is induced
by the accidental nodes as theoretically predicted for the
FeAs- and FeSe- based superconductors[17]. This needs
to be resolved by more investigations.
In iron-based superconductors a power law correlation
∆C|Tc ∝ T 3c , named as the BNC relation, was discovered
for many iron based superconductors[31]. In addition,
another relation U0 ∝ T nc between condensation energy
U0 and superconducting transition temperature Tc was
also reported[32] with n ≈ 3.5±0.5, which was explained
by the quantum critical phenomenon[33]. So this inspires
us to investigate whether the new superconductor FeS
is also satisfied with these relations. Interestingly we
find that the power law relation ∆C|Tc ∝ T 3c is roughly
obeyed if we put the data of FeS on the general plot.
From the electronic specific heat data of FeS, we calculate
the condensation energy through integrating the entropy
of superconducting state and normal state by the formula
below
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FIG. 5. (color online) Correlations between the condensation
energy and Tc in FeS and several iron based systems. The
condensation energy is calculated through integrating the en-
tropy in the superconducting state.
U0 =
∫ Tc
0
(Sn(T )− Ss(T ))dT
=
∫ Tc
0
dT
∫ T
0
(Cn(T
′)− Cs(T ′))/T ′dT ′. (3)
The calculated condensation energy of FeS is about
7.6mJ/mol. In Fig. 5 we present the condensation energy
of FeS and other iron-based superconductors measured
previously in our group[32] together with that of element
La. Intriguingly, the data of FeS falls into the power
law relation perfectly. This may hint on that the FeS
superconductor has similar mechanism as other FeAs- or
FeSe-based superconductors. However, both the specific
heat anomaly and Hc2(0) in FeS are much lower than
that in FeSe crystals[23]. We must point out that either
the BNC scaling[31] or the relation between the conden-
sation energy and Tc[32] do not apply to the KFe2As2
since it has a very large specific heat anomaly, which
may suggest a strong renormalization of electron mass
in that system[25]. In order to have comparison with a
conventional superconductor, we also calculate the con-
densation energy of element La with Tc = 5K which is
similar to that of FeS[34]. Although the Tc of La is
slightly higher than FeS, the condensation energy of La is
about 54mJ/mol, which is almost 710% of FeS. Therefore
the data of La element deviates clearly from the power
law that is satisfied by many iron based superconduc-
tors. This may suggest the different mechanism of the
iron based superconductors and the conventional metal
superconductors.
5IV. SUMMARY
In summary, we have successfully grown the crystals
of the newly discovered superconductor β-FeS and mea-
sured the low temperature specific heat. The electronic
specific heat was obtained by removing the phonon con-
tribution. A linear relation between the electronic spe-
cific heat and temperature was found in the low tempera-
ture region. By fitting to the theoretical models with dif-
ferent gap structures, we find that the model with nodal
gap(s) fits the data best. The magnetic field induced
specific heat shows the consistency with the Volovik rela-
tion ∆γe ∝
√
H . All these suggest the existence of nodes
on the gap structure. Our results will stimulate the in-
vestigations on the superconductor β-FeS and helps to
resolve the intimate superconductivity mechanism in all
iron based superconductors.
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